The interaction between tumor cells and inflammatory cells has an important role in cancer initiation and progression; however, this interaction has not been systematically investigated in pancreatic neoplasia. In this study, the presence of tumor-infiltrating neutrophils within and/or adjacent to neoplastic cells was investigated in pancreatic neoplasms. Areas with 410 tumor-infiltrating neutrophils/100 epithelial cells were arbitrarily classified as positive. Those with 11-15 tumor-infiltrating neutrophils were considered 'borderline' while those with 415 tumor-infiltrating neutrophils were considered 'significant'. Among 363 invasive ductal carcinomas, 15 showed significant tumor-infiltrating neutrophils (8 were micropapillary carcinomas and 7 were undifferentiated carcinomas). Of 19 mucinous cystic neoplasms with a carcinomatous high-grade papillary component, 11 showed significant tumor-infiltrating neutrophils (mean, 25; range, 14-63 tumor-infiltrating neutrophils). Among intraductal papillary mucinous neoplasms, significant tumor-infiltrating neutrophils were identified in 4/16 pancreatobiliary type, but were uncommon in other types (1/11 oncocytic and 1/23 intestinal types had borderline tumor-infiltrating neutrophils, and 0/10 gastric type had tumor-infiltrating neutrophils). Non-carcinomatous (low-grade and non-papillary) components of these neoplasms did not have tumorinfiltrating neutrophils. Tumor-infiltrating neutrophils were not striking in neuroendocrine tumors (40), serous cystadenomas (18), acinar cell carcinomas (9) or solid-pseudopapillary neoplasms (8). In conclusion, significant tumor-infiltrating neutrophils are uncommon in pancreatic ductal adenocarcinoma, and when they occur it is typically in the micropapillary and undifferentiated types with a known poor prognosis. Among pre-invasive neoplasia, tumor-infiltrating neutrophils show a predilection for papillary in-situ carcinomas of mucinous cystic neoplasms, or less commonly, pancreatobiliary-type intraductal papillary mucinous neoplasms (both of which express cell surface-associated mucin 1 (MUC1)). MUC1 expression by these tumors may have biologic implications, considering its recently established relationship with inflammatory cells in carcinogenesis, and the differential expression of mucins in pancreatic neoplasia. Larger studies are needed to investigate the association between tumor-infiltrating neutrophils and pancreatic neoplasms and their role in their clinical behavior.
The importance of the interaction between neoplastic cells and inflammatory cells in cancer initiation and progression is becoming increasingly recognized. This interaction is however not fully understood, and the effect of neutrophils on neoplastic cells seems to represent opposite sides of a doubleedged sword. In some experimental tumors, neutrophils are cytolytic and eliminate neoplastic cells through a variety of factors, [1] [2] [3] including antibodydependent cell-mediated cytotoxicity, whereas in others, neutrophils contribute to invasive potential by promoting angiogenesis and basement membrane degradation during extravasation. [4] [5] [6] Therefore, the presence of tumor-infiltrating neutrophils might be indicative of a better or worse hostantitumoral response, which encourages further investigation.
As a result, increasing numbers of researchers have been studying the presence of neutrophils and other inflammatory cells such as mast cells and eosinophils in human cancers 1,4-13 including gastric, 8, 10 colorectal, 13 mammary 4, 5, 7, 14 and bronchioloalveolar carcinomas, 6 ,11 gliomas, 9 lymphomas 15 and melanoma, 15 as well as the possible link between inflammatory cells and other parameters with wellknown markers of prognosis. Although, tumorinfiltrating neutrophils were not found to be significantly associated with prognosis in some of these studies, 13 they correlated with higher tumor grade 9 or shorter survival in others. In an earlier study, we also noted an association between invasive micropapillary carcinoma of the pancreas and ampullary/periampullar region and tumorinfiltrating neutrophils. 16 However, a systematic review of tumor neutrophilia and its association with pancreatic neoplasms has not been previously published.
In this study, the presence of, and possible association between, tumor neutrophilia and various histological types of pancreatic neoplasms was systematically investigated.
Materials and methods
This study was conducted with the approval of and in accordance with the Institutional Review Boards of Wayne State University, Johns Hopkins University, Memorial Hospital for Cancer and Allied Diseases, and Emory University.
Case Selection
A large series of randomly selected pancreatic neoplasms including 340 usual ductal carcinomas, 8 micropapillary carcinomas, 7 undifferentiated carcinomas, 14 colloid carcinomas, 9 acinar cell carcinomas, 19 mucinous cystic neoplasms with papillary carcinoma in-situ component (all showing pancreatobiliary phenotype), 60 intraductal papillary mucinous neoplasms with predominant papillary component (23 intestinal, 16 pancreatobiliary, 11 oncocytic and 10 gastric type), 18 serous cystadenomas, 40 neuroendocrine neoplasms and 8 solid-pseudopapillary neoplasms were retrieved from the archives of the authors' institutions. These pancreatic tumors represent the same case population of tumors examined by several of the current contributors in a previous study. 16 
Definition of Tumor-Infiltrating Neutrophils
Hematoxylin-and eosin-stained sections were examined under low power (4 Â ) to identify areas of neutrophilic aggregates within the tumor tissue. Only foci with neutrophils concentrated within and/or immediately adjacent to neoplastic cells were taken into consideration. Foci of inflammation with prominent stromal neutrophilia without preferential distribution of neutrophils around tumor epithelial cells, or areas immediately adjacent to ulcerations or necrosis, and those with foreign-body giant-cell reactions, suture granulomas or granulation tissue were disregarded.
Tumor-infiltrating Neutrophil Count
In cases with tumor-infiltrating neutrophils identified by 4 Â screening, 20 non-overlapping high power fields (40 Â ) were examined in representative areas on 2 slides of a given tumor (ie, a total of 40 fields per neoplasm). The number of tumor-related neutrophils was assessed in a semiquantitative manner using the mean value of high power fields in a 40 Â objective (magnification 400 Â ; 0.08 mm 2 ). Areas with r10 neutrophils/100 epithelial cells were considered negative and areas with 410 neutrophils/100 epithelial cells were considered as positive for tumor-infiltrating neutrophils, similar to that done in another study investigating this issue in gastric carcinoma. 8 Positive areas were, then, further subdivided into two groups. Those with 11-15 tumor-infiltrating neutrophils/100 epithelial cells were designated as 'borderline' while those with 415 tumor-infiltrating neutrophils/100 epithelial cells were regarded as 'significant'.
The cutoffs used for tumor-infiltrating neutrophils were similar, albeit not identical, to those used in another study examining the same phenomenon in gastric carcinomas. 8 Furthermore, we found that when tumor-infiltrating neutrophils were present they were quite evident. There were very few incidental neutrophils (focal, and in the range of 1-2/100 epithelial cells) and when they were present they were typically 410/100 epithelial cells.
Statistical Analysis
To examine the association of pancreatic tumor types with tumor-infiltrating neutrophil positivity, Fisher's Exact tests were performed owing to the small sample size in some groups. Additionally, the association of tumor-infiltrating neutrophils and specific solid and cystic pancreatic neoplasms (usual ductal carcinoma, micropapillary carcinoma, undifferentiated carcinoma, pancreatobiliary mucinous cystic neoplasms with papillary carcinoma in situ and intraductal papillary mucinous neoplasms) was compared using Fisher's Exact tests. All statistical significance was assessed using an a level of 0.05.
MUC1 (Cell Surface-Associated Mucin 1) Labeling Profile
Several previous reports have implicated mucin 1 (MUC1) in the immune response mediation of neoplastic cells. 17, 18 Therefore, once our study results showed that tumor-infiltrating neutrophils had preferential distribution toward certain tumor types, which are known also to have a tendency to express mucin 1, cell surface associated (MUC1), we decided to further investigate any possible association by expanding the study to include testing for MUC1 immunohistochemical expression by these tumor types.
Therefore, a select group of tumors from each category was immunolabeled with antibodies to mucin 1, cell surface associated (MUC1) (clone Ma695, Novocastra, Newcastle, UK) at a dilution of 1:100 in citrate and with an incubation period of 2 h. Breast carcinoma tissue was used as a positive control.
Results

In Invasive Carcinomas
Among 363 invasive ductal carcinomas, 18 were positive for tumor-infiltrating neutrophils (15 significant and 3 borderline). Neutrophils were either intraepithelial or concentrated in the stroma immediately adjacent to the epithelium. Focal clustering of neutrophils (microabscess formation) was also present. The tumor-infiltrating neutrophils demonstrated a striking tumoro-centric distribution, being most concentrated within the denser areas of neoplastic cells and progressively decreasing in number away from the neoplasm.
Eight of the neutrophil-positive invasive ductal carcinomas were of micropapillary type ( Figure 1 ) and the remaining seven were undifferentiated carcinomas ( Figure 2 ). The cases with borderline tumor-infiltrating neutrophils had a focal micropapillary pattern.
Tumor-infiltrating neutrophils were not detected in ordinary tubule-forming ductal adenocarcinomas or other types of invasive cancer. Only 3 of 14 colloid carcinomas had borderline tumor-infiltrating neutrophils but these were predominantly in the mucin lakes rather than in the vicinity of the neoplastic epithelial cells ( Figure 3 ) and thus disregarded. No borderline or significant tumorinfiltrating neutrophils were noted in nine acinar cell carcinomas.
In Pre-Invasive Neoplasms
Among pre-invasive neoplasms, tumor-infiltrating neutrophils appeared to have a predilection for those with pancreatobiliary cell lineage (Figures 4-7 ): significant tumor-infiltrating neutrophils were identified in 11/19 (58%) mucinous cystic neoplasms with (Figures 6 and 7) . However, among the intraductal papillary mucinous neoplasms with other types of papillae, only 1/11 oncocytic type and 1/23 intestinal type had borderline tumor-infiltrating neutrophils and all 10 gastric types were negative for tumorinfiltrating neutrophils. In cases that were positive for tumor-infiltrating neutrophils, the neutrophils were concentrated around the papillary areas, being typically present diffusely throughout the papillary component (Figures 4-6 ), without any significant involvement of either the non-papillary epithelium or the stroma away from the papillae. Low-grade and non-papillary (flattened) components of mucinous cystic neoplasms and intraductal papillary mucinous neoplasms failed to show tumor-infiltrating neutrophils.
Other Tumor Types
None of the 18 serous cystadenomas, 40 neuroendocrine tumors or 8 solid-pseudopapillary neoplasms were positive for tumor-infiltrating neutrophils.
MUC1 Immunolabeling Profile
MUC1 immunolabeling profile among tumors showed significant correlation with distribution of tumor-infiltrating neutrophils. Micropapillary carcinomas of the pancreas revealed diffuse and strong positivity for MUC1, which was predominantly on the stroma-facing (basal) surface of the micropapillary clusters, as a thin band of labeling (Figure 1b) . Similarly, undifferentiated carcinomas showed uniformly strong staining with MUC1. More interestingly, the mucinous cystic neoplasms with papillary in-situ carcinoma component and the intraductal papillary mucinous neoplasms with pancreatobiliary-type papillae all strongly expressed MUC1, which was confined to the surface of the papillae, as a thin band of labeling (Figures 5b and 7b) .
The results of analysis of all 517 pancreatic tumors are summarized in Table 1 .
Results of Statistical Analysis
On comparison of usual ductal adenocarcinoma with micropapillary and undifferentiated carcinoma, there was a statistically significant difference between the number of tumor-infiltrating neutrophil-positive and -negative tumors, with micropapillary and undifferentiated carcinomas showing significantly more positivity than usual ductal carcinoma (Po0.0001). The pancreatobiliary mucinous cystic neoplasms with high-grade dysplasia and the pancreatobiliary-type intraductal papillary mucinous neoplasms were also significantly more likely to show tumor-infiltrating neutrophil positivity than all other types of intraductal papillary mucinous neoplasms (Po0.0001). The results of statistical analysis of the tumor-infiltrating neutrophil-positive tumors are summarized in Table 2 .
Discussion
This study suggests that preferential chemotaxis of neutrophils to certain types of neoplasms is seen in the pancreas, and that this phenomenon occurs in a tumor-type-and cell-lineage-dependent fashion. Among invasive pancreatic carcinomas, tumorinfiltrating neutrophils occur almost exclusively in micropapillary or undifferentiated carcinomas, and among pre-invasive neoplasia, tumor-infiltrating neutrophils occur preferentially in the neoplasms with pancreatobiliary-type lineage, detected in a significant proportion of the mucinous cystic neoplasms (in their in-situ papillary carcinoma component) and in a lesser degree of pancreatobiliary-type intraductal papillary mucinous neoplasms.
These findings beg the question 'why should tumor-infiltrating neutrophils show a predilection for invasive micropapillary pancreatic carcinoma, as well as mucinous cystic neoplasms and intraductal papillary mucinous neoplasms with in-situ papillary carcinomas and 'pancreatobiliary' lineage?'. It is safe to assume that these histologic subsets somehow act as chemoattractants for acute inflammatory cells. It is intriguing that the cellular morphology of the tumor-infiltrating neutrophil-positive carcinomas shows a common characteristic, in that all of them are mucin-depleted versions of their respective categories. Conventional tubule-forming adenocarcinomas, which tend to have significant amounts of intracellular mucin, do not typically show tumor-infiltrating neutrophils, whereas micropapillary and undifferentiated ones, which are relatively mucin-poor, do. Similarly, among preinvasive neoplasms, intestinal or gastric-type intraductal papillary mucinous neoplasms, which are characterized by copious mucin production, also appear to somehow distract tumor-infiltrating neutrophils; in contrast, pancreatobiliary variant does not. Along the same lines, metabolic activity of tumor-infiltrating neutrophil-attractant cells may also have some common features as evidenced by their morphology. The nuclei are typically cuboidalto-ovoid and have distinctive washed-out chromatin and small nucleoli, and additionally, the cytoplasm is relatively abundant despite the high-grade cytology. This is something we have also noted in colorectal adenocarcinomas showing tumor-infiltrating neutrophils (unpublished observations).
Interestingly, most of the pancreatic neoplasms that preferentially attract tumor-infiltrating neutrophils also differentially express MUC1 (both in the stroma-facing surfaces of cells in the micropapillary carcinomas and on the surfaces of dysplastic papillae in pancreatobiliary-type mucinous cystic neoplasm and intraductal papillary mucinous neoplasm). This phenomenon of MUC1 expression as confirmed in this study, has also been previously observed in invasive micropapillary pancreatic carcinoma, 16, 19 pancreatic ductal carcinoma, 20, 21 as well as the pancreatobiliary variant of intraductal papillary mucinous neoplasm.
22
MUC1 is a large transmembrane glycoprotein that is expressed on the apex of ductal epithelial cells, and has been said to have a role in spatial orientation of cells, including the maintenance of lumen formation. 23 MUC1 is known to 24 promote inflammation 25 by acting as a powerful chemoattractant for the innate immune system 17,26-27 and 
a Tumor-infiltrating neutrophils/100 epithelial cells. Tumor-infiltrating neutrophils, pancreatic tumors reported to drive the progression to colitis-associated colon cancer 17 through cytokine and oxygen metabolite production. 21, 22 Considering the established role of MUC1 in immune modulation by tumor cells and also the parallels in the expression profile of this molecule in different subsets of pancreatic neoplasia, it is tempting to think that it may have a role in the recruitment of neutrophils to some tumor types, namely micropapillary and undifferentiated carcinomas, as well as in the in-situ papillary carcinoma components of mucinous cystic neoplasms and pancreatobiliary variant of intraductal papillary mucinous neoplasms; however, how would we then explain the absence of tumor-infiltrating neutrophils in the other 340 conventional ductal adenocarcinomas we tested, which are also known to express MUC1. [20] [21] 24, 28 For this, one can speculate that the degree of exposure of MUC1 to the external milieu, in particular to the stroma, may be an important factor. In ordinary invasive ductal adenocarcinomas, MUC1 is typically expressed in the apical membrane of the infiltrating units, and as such it is not as readily exposed to the stroma or external milieu. However, in micropapillary carcinomas there is a characteristic inverse cell polarity in which MUC1 is expressed in the stroma-facing surface of the cells. 19 Similarly, most undifferentiated carcinomas have MUC1 expressed in their membranes that readily interact with the stroma. Therefore, it is conceivable that MUC1-stroma interaction may be a factor in the recruitment of the neutrophils, which has been suggested in some studies [25] [26] [27] however, undoubtedly, there are several other contributing tumor-specific factors that have a role in this as well.
Tumor-infiltrating neutrophils may reflect a natural cytotoxity of the host against the tumors or may be the result of cytokine production by the tumor cells. Whatever the cause, one resulting effect of any tumor-related immunological host response would be overall patient survival. Some studies have shown that tumor-infiltrating neutrophils cause tumor destruction by releasing cytotoxic mediators and promoting cell-mediated cytotoxicity.
1-3 Also, increased blood neutrophils have been shown to reduce the risk of metastasis in lymphoma, melanoma and lung carcinoma cell lines. 15 Tumorinfiltrating neutrophils have been associated with reduced mortality risk in females with gastric carcinoma in one study. 8 Yet, other studies have shown that tumor-infiltrating neutrophils have no significant effect on prognosis in either gastric 10 or colorectal cancer. 13 Conversely, tumor-infiltrating neutrophils have been shown to increase the metastatic potential of mammary [4] [5] and bronchioloalveolar carcinoma. 6, 12 Similarly, the poorer prognosis and shortened survival associated with micropapillary carcinoma may in part be related to the presence of abundant tumor-infiltrating neutrophils and their promotion of tumor cell growth and metastasis. Additionally, this tumor's coexpression of MUC1, which has carcinogenic properties, has been previously established in the pancreas 18, [21] [22] 24 and other organs. MUC1 promotes cell proliferation, metastasis and immunoresistance, and inhibits cell-cell and cellstroma interaction in pancreatic neoplasms making it easier for tumor cells to dissect the stroma. 18 Its' inhibitory role in cell-stroma interaction may be a key factor in the detachment of tumor cells from the stroma, thus resulting in the papillary morphology seen in these neutrophil-rich tumors. MUC1 is also expressed in high-grade pancreatic intraepithelial neoplasia and is believed to contribute to the dysplasia-carcinoma sequence in pancreatic tumors. 21 The concomitant expression of tumorinfiltrating neutrophils and MUC1 by this subset of pancreatic neoplasms, with the two participating in a vicious cycle, may promote more aggressive behavior in these tumors (all of which, interestingly, showed either in-situ or invasive carcinoma). However, as interesting as this potential association may appear, such a relationship has not been established and deserves to be investigated in a larger population cohort.
The predilection of tumor-infiltrating neutrophils for a certain subset of mucinous neoplasms including pancreatic mucinous cystic neoplasms, intraductal papillary mucinous neoplasms and even gynecologic tumors such as endocervical-like mucinous borderline tumors of the ovary (in which tumor-infiltrating neutrophils are part of the diagnostic criteria) 29 also deserves mention. Is the mucin produced by these tumors proinflammatory and if so why does the colloid subtype of pancreatic adenocarcinoma not express tumor-infiltrating neutrophils as well? Clearly, other factors independent of mucin production are at play in this group of mucinous neoplasms.
In summary, tumor-infiltrating neutrophils are seen in a small subset of pancreatic neoplasms including micropapillary carcinoma, undifferentiated carcinoma, mucinous cystic neoplasm with in-situ papillary carcinoma and pancreatobiliarytype intraductal papillary mucinous neoplasm with in-situ carcinoma. Whether the neutrophils are secondarily recruited by these specific histologic groups of tumors or are primarily participating in their development is uncertain. It is also unclear whether the presence of tumor-infiltrating neutrophils in these tumors has beneficial or detrimental effects on tumor behavior. It is noteworthy that all of these neutrophil-rich pancreatic tumors also expressed MUC1, a powerful chemoattractant and marker of aggressive behavior. 
